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Natural enemies partially
compensate for warming induced
excess herbivory in an organic
growth system
Orsolya Beleznai1, Jamin Dreyer2, Zoltán Tóth3 & Ferenc Samu1
Predators can limit prey abundance and/or levels of activity. The magnitudes of these effects are
contingent on predator and prey traits that may change with environmental conditions. Aberrant
thermal regimes could disrupt pest suppression through asymmetric effects, e.g. heat-sensitive
predator vs. heat-tolerant prey. To explore potential effects of warming on suppressing pests
and controlling herbivory in a vegetable crop, we performed laboratory experiments exposing an
important pest species to two spider predator species at different temperatures. Heat tolerance was
characterised by the critical thermal maxima parameter (CTM50) of the cucumber beetle (Diabrotica
undecimpunctata), wolf spider (Tigrosa helluo), and nursery web spider (Pisaurina mira). Cucumber
beetles and wolf spiders were equally heat tolerant (CTM50 > 40 °C), but nursery web spiders had
limited heat tolerance (CTM50 = 34 °C). Inside mesocosms, beetle feeding increased with temperature,
wolf spiders were always effective predators, nursery web spiders were less lethal at high temperature
(38 °C). Neither spider species reduced herbivory at ambient temperature (22 °C), however, at warm
temperature both species reduced herbivory with evidence of a dominant non-consumptive effect.
Our experiments highlight the contingent nature of predator-prey interactions and suggest that nonconsumptive effects should not be ignored when assessing the impact of temperature change.
Predators can negatively impact prey populations either by directly consuming prey individuals or through
non-consumptive effects (NCEs) that trigger costly anti-predator reaction in prey1. The wide ranging behavioural
responses of prey to the presence or cues of predators may result in decreased feeding2, lower quality diet3, 4 or
physiological stress5. Predator effects have the potential to cascade through ecological systems, affecting productivity and ecosystem functioning at the lower levels of the food web6 and shaping ecological interactions spatially7.
Elements at both sides of this interaction, predator activity, performance and the success or failure of the prey’s
anti-predator behaviour are contingent on environmental factors. These effects gain economic importance in the
natural enemy – pest context, especially in the view of global climate change.
With climate change both mean summer temperatures and temperature variability are projected to increase8.
This results in the more frequent occurrence of climate extremes, such as heatwaves9, which may have particularly
large impact on ecological systems10. Studies in natural ecosystems11, 12 suggest that the outcome of predator-prey
interactions can be especially temperature sensitive, because differences in temperature tolerance of the interacting species can magnify the response13. In agroecosystems natural enemy – pest interactions are in the focus of
biological control research since any shift in the efficiency of biological control processes has paramount economic
importance. Not only expected elevated temperatures arising from global climate change, but also high temperatures caused by some agricultural practices, such as greenhouse growing14, plastic mulch and foil covers15, 16
make it necessary to study how different interactions may change under altered thermal conditions. Research
has been done on how plant-herbivore interactions are affected by rising temperatures, reviewed by Bale et al.17.
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More recently, studies have addressed the question of how herbivore – natural enemy interactions might respond
to climate change18, 19, but we still need more studies to understand complex, multitrophic and non-consumptive
effects of rising temperatures20, 21. The present study examines how a ‘crop - herbivore pest – generalist predators’
system responds to temperature changes.
The tritrophic system of ‘organically grown cucumber crop –cucumber beetle – two species of spider natural enemies’ is a highly relevant model system for studying the temperature sensitivity of trophic interactions.
Despite the importance of cucurbit crops, organic farmers largely avoid growing them because feeding damage
by insect pests and spread of pathogens can account for as much as 80% loss in the marketable product22. One of
the major pests is the spotted cucumber beetle, Diabrotica undecimpunctata howardi (Barber, 1947). Both organic
and conventional growers rank the cucumber beetle/bacterial wilt complex as one of the most important and least
controllable threat to cucumber crop23. Current organic management options include using polypropylene fabric
row covers to keep out pests, and organic insecticides combined with proper planting dates24. Row covers applied
in this practice highly increase crop temperature.
Natural enemies, including spiders, have been shown to be important in organic cucurbit systems because
early in the season they were able to reduce the densities of striped cucumber beetles and cause fruit production
to increase25, 26. As a result of the NCE of wolf spiders, cucumber beetles were shown to modify their behaviour,
including a reduced feeding activity on plants, which resulted in nearly 50% reduction in feeding damage27, 28.
Since spiders are effective predators and biological control agents, some aspects of the temperature dependence
of their direct effect and NCE on prey have already received some attention in the literature. In Barton’s29 study of
grassland ecosystems, warming had no direct effect on herbivores, but it did decrease spider activity which caused
a reduced predation risk for herbivores. Lubin and Henschel30 also demonstrated that in spiders high daytime
temperatures may restrict the time available for foraging. At the same time, higher temperatures can increase
herbivore activity, translating to a greater amount of host plant consumption17. The interaction of spider and
herbivore thermal responses is exemplified in an old field case study where grasshoppers could reduce predator
encounters by becoming more active during the hottest parts of the day when spiders reduced their activity to
avoid thermal stress31. The outcome of such interactions depends on the individual thermal tolerances of the constituent species. Since different species within the same trophic level can have different tolerances, complementarity may play an important role in food webs with more species rich predator component32, 33. In accordance with
that, in a recent experimental study of the natural enemy complex of grapevine pests synergistic effects between
predators have been shown to increase under increased temperatures34.
Our main question was whether warming will increase or dampen predator effect in a tritrophic system. In
the studied organically grown cucumber system elevated temperatures pose an acute problem both as a result of
summer heat waves, projected to be more frequent due to global warming, and because of current management
practices relying on different heat accumulating covers. We analysed how two spider species, with differential
responses to warming, interacted with spotted cucumber beetles at different temperatures, and how these interactions finally affected cucumber plant damage. Our initial prediction was that spiders would increase beetle
mortality, change beetle activity and decrease damage to plants. We predicted that temperature will raise the
activity of the prey, but will also increase predator effect with a net effect of decreased plant damage. We tested
our predictions by (i) establishing thermal tolerance of spiders and cucumber beetles over a wider temperature
gradient; (ii) by analysing the temperature dependence of the tritrophic interaction, i.e. predator effect on beetle
mortality, activity and plant damage.

Methods

Collecting and keeping study subjects. The experiments were conducted on individually potted squash
plants (Cucurbita maxima (Duchesne, 1786), Thiram-treated “Blue Hubbard” variety). Squash plants were grown
in 11 cm diameter pots in the Department of Entomology greenhouse at the University of Kentucky (1100 South
Limestone St, Lexington, KY 40546) under a 16:8(L:D) h photoperiod at 25 °C. Plants selected for experimental
trials were similar in size and identical in age, with 2 cotyledons and 2 true leaves fully unfurled.
The spotted cucumber beetle, Diabrotica undecimpunctata howardi (Barber, 1947) is a polyphagous herbivore35. Its larvae feed on roots and the adults feed on plant foliage and flowers36. Cucumber beetles were field
collected from research and commercial fields surrounding Lexington, Kentucky USA during September 2014.
Beetles were captured from pumpkin and squash foliage by sweep nets, aspirated, and placed inside clear plastic
containers (11 cm diam., 15 cm high). The mesh-topped containers were provisioned with fresh water and cucurbit leaves and kept at room temperature (22 °C) and a 18:6 (L:D) h schedule in the laboratory.
In the experiments we used two key natural enemy species of the cucumber beetle. The wolf spider Tigrosa
helluo (Walckenaer 1837) (Araneae, Lycosidae) is relatively large predatory arthropod (adult body length 15–20
mm), a dominant spider in agro-ecosystems which is active throughout the summer37. The nursery web spider
Pisaurina mira (Walckenaer 1837) (Araneae, Pisauridae), is a sit-and-wait ambush predator, one of the most
common spiders in the eastern United States, and can be an important natural enemy in crops38. Spiders were
hand collected at night from the University of Kentucky North Farm research facility (1925 Research Farm Road,
Lexington, KY USA) during September 2014. Spiders were held at room temperatures and at 18:6 (L:D) h schedule in individual plastic containers (7 cm diam., 5 cm high) with wetted cotton balls. They were fed Drosophila
melanogaster (Meigen, 1830) prey ad libitum twice a week. Prior to use in an experiment, individually numbered
spiders were starved for 2 days, weighed, and inspected. Animals were used in the experiments within 1 month
of their collection.
Critical Thermal Maxima of the species. To characterize the heat tolerance of the beetle and the spider
species, we determined their critical thermal maxima. The original concept of the critical thermal maximum
was introduced by Cowles and Bogert39 and was defined as “the thermal point at which locomotory activity
SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w

2

www.nature.com/scientificreports/
becomes disorganized and the animal loses its ability to escape from conditions that will promptly lead to its
death.” From 20 individuals of each species, kept individually in small clear plastic containers, we randomly
assigned ten to a control group constantly held at room temperature, while the other ten received a treatment
of temperature increase. Inside a climate-controlled growing chamber, the temperature of these individuals was
increased by approximately 1 °C every 5 minutes, beginning at 21 °C and continuing until 48 °C. Temperature
inside the chamber was measured using a HOBO (HOBO U23 Pro v2 Temperature/Relative Humidity Data
Logger - U23-001-ONSET) data logger at one-minute intervals. We recorded the response of each individual at
five-minute intervals, scoring any purposeful body movement (e.g. attack, running, walking) as a response. To
differentiate inactivity from non-responsiveness, wolf spiders were prodded with a wooden probe while containers holding escape-prone beetles and nursery web spiders were gently agitated. Oftentimes, as individuals
became non-responsive their bodies showed signs of extreme heat stress and/or death (e.g. contraction of legs).
The experiments were performed on 13 October 2014. Collected data was used to statistically characterise the
critical thermal maxima of the species by calculating the CTM50 parameter, which indicates the temperature at
which 50% of the individuals was unresponsive.

Temperature effect on squash – cucumber beetle – spider tritrophic system.

We conducted a
fully-crossed 2 × 3 experiment with two levels of temperature and three levels of predator presence (‘predator
treatment’) to determine the interactive effect of temperature and predators on cucumber beetle mortality, activity and on plant damage. We ran trials in five replications for the spider treatments × temperature levels combinations (n = 20) and in 10 replications for the control × temperature levels combination (n = 20). Trials were
conducted in mesocosms with a single squash plant. To create the mesocosms, acrylic glass cylinders (10.5 cm
diameter, 30 cm tall) with fine mesh windows and top were placed over the top of the squash plants in the pot,
with the lower edge of the cylinder buried 1–2 cm deep into the soil. We had n = 20 trials at 22 °C and n = 20 trials
at 38 °C. Trial mesocosms were kept in climate-controlled chambers of the above temperatures, which were monitored at one-minute intervals inside the chambers using a HOBO data logger.
For each trial three cucumber beetles were placed inside a mesocosm. At both temperatures we had three
levels of predator presence: (i) control with no predator, (ii) a wolf spider ‘lycosid’ present or (iii) a nursery web
spider ‘pisaurid’ present. In trials with spider predators, after a 15 minute beetle acclimation period (beetles stayed
in the mesocosms without predators) cylinders were tilted briefly to allow the rapid introduction of a single spider at ground level (Supplementary Fig. 1). Mesocosms were checked at one-hour intervals between t = 0 and
t = 6 hours, and the survival, position and feeding activity of the three cucumber beetles was recorded. Levels of
position could be on the soil surface or on the plant stem, below the leaves, constituting the category “low”, or
on or above the lower leaf, constituting the category “high”. Levels of feeding were “feeding” (actively consuming
plant material) or “not feeding”. The plant damage on both leaves and the stem was quantified by the assessed percentage of leaf area and percentage of the stem volume affected by beetle bites (0% = no damage, 100% = complete
damage). Mesocosm experiments were performed on 14–16 October 2014.

Statistical analysis. All analyses were conducted in R v. 3.3.240. We compared the thermal response curves

of the three arthropod species in the warming chambers using a generalized linear mixed model with a binomial
distribution and using a logit link function (‘glmer’ function in the ‘lme4’ package41), with arthropod species as a
factor and individual specimen as a random effect. From the estimated coefficients of the modelled logistic curves
we calculated CTM50 values and their confidence intervals42, which gave the temperature at which 50% of the
individuals are expected to be unresponsive.
In the tritrophic system we considered the following responses: beetle mortality, beetle activity and plant damage. Mortality was represented by the ratio of dead animals by the end of the trial. We had three response variables
for beetle activity: (i) the ‘feeding ratio’ (FR) represented the ratio of alive beetles actually feeding at each hourly
observation; (ii) the ‘mean feeding ratio’ (MFR) was mean of FR values averaged across the hourly observations;
(iii) the ‘mean position ratio’ (MPR), the ratio of alive beetles of position high in the mesocosms at each hourly
observation, averaged across observations (MPR = 1 if all beetles are of position high, MPR = 0 if all beetles are
of position low). The response variable ‘plant damage’ was derived as the mean percentage of damage on the two
leaves and on the stem.
Both plant damage and MFR were modelled in a linear model with temperature and predator treatment and
their interaction as explanatory factor variables. In the case of MFR the response variable was square root transformed. In the case of beetle mortality and MPR we had zero variance for certain treatment combinations (all
animals survived in 22 °C control and all beetles were of position low at 38 °C with lycosid treatment); in these
cases we split the data and analysed predator treatment effects separately for 22 °C and 38 °C. For mortality at
22 °C and MPR at 38 °C we applied Kruskal-Wallis test, with Dunn post-hoc test with Holm probability adjustment. Mortality at 38 °C was modelled by generalized linear model with binomial distribution and using a logit
link function. Furthermore, we tested for difference in spontaneous mortality between temperatures within the
control group by Fischer’s exact test. MPR at 22 °C was modelled with a linear model including predator treatment as the only explanatory variable. Temperature dependent temporal trend in the feeding activity (repeated
measures FR data) was modelled using generalized estimating equations (GEE) with binomial distribution (‘geeglm’ function of the ‘geepack’ package43). Into this model, we included temperature, predator treatment, hour
and the interaction between hour and temperature, and also controlled for temporal autocorrelation43. Model fit
in all cases was checked graphically, by inspecting residuals and their QQ plots. Significance of modelled effects
was tested with either the built-in ‘anova’ or with the ‘Anova’ function of the ‘car’ R package44 with type 3 analysis
of variance. Significance of the difference between treatment levels was assessed using multiple comparisons of
means with Tukey contrasts using the ‘lsmeans’ R package45.
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Figure 1. Fitted logistic functions of arthropod thermal tolerance for three species. The spotted cucumber
beetle D. undecimpunctata (solid line), wolf spider H. helluo (darker spider, small dashed), and nursery web
spider P. mira (light brown spider, large dashed). Bars give the frequency distribution of responsive (top) and
unresponsive animals (bottom) binned by 2 °C increments (bar colours: cucumber beetle green, pisaurid blue,
lycosid orange).

Ethics statement.

All applicable international, national, and/or institutional guidelines for the care and use
of animals were followed. All procedures performed in studies involving animals were in accordance with the
ethical standards or practice of the institution at which the studies were conducted.

Results

Critical Thermal Maximum. Arthropods in the constant ambient temperature control (temperature:
mean = 21.4 °C, S.D. = 0.11 °C) showed no difference in response over time, all three species responded actively
at every single inspection, therefore a statistical model was not fitted. However, animals became unresponsive at
various temperatures exceeding 30 °C in the warming chambers. The fitted generalized linear mixed model indicated that thermal responses were highly significantly different between the study animals (type 3 Wald χ2 test,
effect of species: χ2 = 92.75, d.f. = 2, P < 0.0001). The calculated critical thermal maximum parameters indicated
that cucumber beetles and the lycosid spider had high heat tolerance, with largely overlapping confidence intervals (cucumber beetle: CTM50 = 41.8 °C, 95% CI [40.48, 43.16]; lycosid: CTM50 = 44.3 °C, 95% CI [42.70, 45.85]),
while the pisaurid spider proved to be much less heat tolerant (CTM50 = 34.2 °C, 95% CI [33.19, 35.15]) (Fig. 1).
Tritrophic system. Mortality. No difference was found in the spontaneous beetle mortality (only control
cases considered) between the two temperatures. We had zero mortality at 22 °C in 10 trials (n = 30 beetles) and
only one beetle died during the experiment at 38 °C in the same number of trials (Fischer’s exact test, P = 1.0).
We could consider the effect of spiders on beetle mortality only separately in the two temperature groups (due
to zero variance in some treatment combinations). At 22 °C overall predator treatment effect was significant
(Kruskal-Wallis test: χ2 = 10.69, d.f. = 2, P = 0.005; Fig. 2a), and according to Dunn’s post-hoc test both the lycosid treatment (P = 0.003) and the pisaurid treatment (P = 0.03) caused significantly higher beetle mortality than
in the control. At 38 °C a similar pattern emerged; the overall predator effect was highly significant (ANOVA on
the binomial generalized linear model, effect of predator treatment: LR χ2 = 26.30, d.f. = 2, P < 0.0001; Fig. 2a),
but that was only attributable to lycosids, which caused the highest mortality, significantly different from control
and pisaurid effect (contrasts: lycosid-control: z = 3.73, P = 0.0005; pisaurid-lycosid: z = −2.75, P = 0.01).
Activity. Beetles had a differential preference for strata between the temperature treatments (effect of temperature on MPR: χ2 = 29.71, d.f. = 1, P < 0.0001), taking higher positions at 22 °C and lower positions at 38 °C
(Fig. 2b). The effect of predator treatment was also significant for MPR (χ2 = 9.39, d.f. = 2, P = 0.009), which
according to the post-hoc test could be ascribed to the effect of lycosid spider at 22 °C (contrasts: control – lycosid: t = −4.13, d.f. = 34, P = 0.0006; lycosid – pisaurid t = 3.37, d.f. = 34, P = 0.005), meaning that beetles were
higher on the cucumber plants when a lycosid spider was present. However, at the higher temperature there was
no significant predator effect (Fig. 2b).
Feeding activity was highly significantly influenced by temperature (F = 51.7, d.f. = 1, 34, P < 0.0001), as
beetles showed feeding activity much more frequently at the higher temperature treatment (Fig. 2c). Predator
presence also had significant, albeit weaker effect on MFR (F = 4.29, d.f. = 2, 34, P = 0.02), which, according
to the post-hoc test, manifested in the single significant effect of the pisaurid spider at 22 °C, which decreased
feeding activity compared to control (t = 2.78, d.f. = 34, P = 0.02). At 38 °C feeding activity was not influenced by
predator presence. Overall predators had marginally significantly different effect at the two temperatures (effect
of temperature × predator interaction: F = 2.72, d.f. = 2, 34, P = 0.07). Hourly observations of FR indicated that
there was a slight tendency of declining feeding activity over the 6 hours observation (effect of hour in geeglm
model: χ2 = 3.4, d.f. = 1, P = 0.07); however, this trend was not different at the two temperatures (effect of temperature × hour: χ2 = 0.1, d.f. = 1, P = 0.75).
Plant damage. Plant damage was significantly higher at 38 °C than at 22 °C (Fig. 2d, effect of temperature:
F = 46.75, d.f. = 1, 34, P < 0.0001). Predator treatment had no overall significant effect (F = 0.44, d.f. = 2, 34,
P = 0.64), but the significant predator × temperature interaction (F = 3.92, d.f. = 2, 34, P = 0.03) indicated that
SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w
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Figure 2. Cucumber beetle responses. Mean cucumber beetle responses in mortality (a), Mean Position
Ratio (MPR) (b), Mean Feeding Ratio (MFR) (c) and Plant Damage (d) to the three predator treatments
(control, lycosid, pisaurid) under the two different temperatures (22 °C, 38 °C). Response variables Mortality,
MPR and MFR represent the mean ratio beetles in a trial falling prey, occupying position ‘high’ and showing
feeding activity, respectively. Plant damage is the mean percentage of damage on the two leaves and the stem of
cucumber plants by the end of the experiment. For further explanation see text.

spider presence had differential effect at different temperatures. At 38 °C the presence of either spider species
caused a significant reduction in plant damage (control – lycosid: t = 3.83, d.f. = 34, P = 0.001; control – pisaurid:
t = 3.58, d.f. = 34, P = 0.003), while at 22 °C none of the treatment comparisons were significant. The effect of
the two spider species did not differ significantly from each other at either of the temperatures (Fig. 2d), and we
cannot say that adding spiders to the system would diminish temperature effect on plant damage, since considering only non-control cases temperature effect was still significant (F = 14.84, d.f. = 1, 17, P = 0.001), although
to a lesser degree than in the case of control cases alone (effect of temperature: F = 34.38, d.f. = 1, 18, P < 0.0001).

Discussion

Both warming and predators affected the studied tritrophic system, in many aspects involving interactions
between temperature and predator effect and ultimately influencing herbivore damage to plants. These interactions stem from the differential responses of the cucumber beetles and the two spider species to high temperatures. The examined thermal tolerance (CTM50) values can be regarded as proxies for threshold temperatures,
where predator and prey activity critically change in a way that it affects the outcome of species interactions13. We
had the expectation that in the studied cucurbit system niche partitioning along vegetation strata will determine
the thermal tolerance of the interacting species, because vegetation top receives more irradiation, while lower
strata are more shaded and also more humid. Accordingly, we expected that cucumber beetle and the pisaurid
spider which are active in the crop canopy23, 38 should have higher tolerances and keep up activity under higher
temperatures. Conversely, for sit-and-wait predators with permanent burrows, such as the studied lycosid spider
T. helluo, the risks of exposure to temperature extremes are reduced46, and these animals would be expected to
have a lower heat tolerance than a non-burrowing predator in the same environment30. However, contrary to our
expectations, we received a different order of heat tolerance. The cucumber beetle and the lycosid spider had very
similar and rather high tolerances to elevated temperatures, while the canopy living pisaurid P. mira was the most
vulnerable to heat stress and the less effective predator at warmed temperature. Even though not meeting expectations about thermal sensitivity order, this scenario also presented the opportunity to study interactions between
prey and predator of similar and different heat tolerances.
While both predators increased beetle mortality at low temperature, at high temperature only the heat tolerant
lycosid predator could increase mortality, the heat sensitive pisaurid caused negligible mortality on prey. Within
the operational thermal range metabolic rates, and consequently biological activity increases with temperature47,
prey and predator activity are both expected to increase. For example, Dell et al.48 reported that organisms have
SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w
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a steeper thermal response for voluntary movements, such as foraging, than when trying to avoid predators.
Therefore, it can be hypothesized that the performance curves of prey and predators often intersect, and as a
consequence the predators’ attack success may vary from being high at temperatures where they can outperform
their prey, to low at temperatures where they perform worse. This means that, as temperature changes, the ability
of a predator to catch prey will decrease, increase, or remain unchanged depending on the relative effect of temperature on predator and prey49. Differences in thermal acclimation50 to temperature changes could also affect the
cascading effect of predators in a multitrophic system51, even though in the present system activity changes were
found to be similar at the two temperature regimes, suggesting a minor importance of the acclimation effect. We
suggest that the two spider predators had such contrasting mortality effects, because for the lycosid the elevated
temperature regime meant performance increase, while for the pisaurid it meant a decrease in predator effectivity.
As most environments show diurnal and seasonal thermal variations, multiple predators with different thermal responses are able to exert predation pressure over wider temperature ranges. Multiple predator effects52
or MPEs can modify the strength of pest regulation, causing positive or negative deviations from those that are
predicted from independent effects of isolated predators53, 54. MPEs can be especially delicate, when – like in our
case - there is a possibility of intraguild predation or intraguild NCE53, which effect may cause ‘risk reduction’,
but there is also a possible facilitative effect between predators acting in different strata and/or having different
predatory tactics55 leading to a potential ‘risk enhancement’ effect. According to a semi-field study, the MPE of
spiders on grasshoppers and on plants was the average of the individual predator effects, while under warmer
conditions spider microhabitats overlapped more, and predominant intraguild predation largely reduced the system to a single predator system21. While it cannot be directly deduced from the present substitutive experimental
design56, the differential thermal performance of the two predators may also alter intraguild consumptive and
non-consumptive effects. We suggest that studying a diversity of predators, where the species represent a range of
thermal responses offers a potentially fruitful future research direction.
The interaction of temperature and predator presence caused activity changes in the cucumber beetles both in
their choice of stratum in the mesocosm and in their feeding activity. Concurrently dealing with higher temperature and predator presence meant opposite pressures on beetle behaviour for both aspects of activity. Presence
of the ground active lycosid spider caused about two-thirds of beetles to stay higher on the plant at ambient temperatures, whereas without spider or when a canopy active pisaurid was present most beetles stayed at the lower
stratum. However, this antipredator response against the lycosid was overridden at higher temperatures, which
compelled virtually all beetles to choose the lower stratum. This is a likely case of a trade-off between antipredator
behaviour and environmental constraints57, 58. For cucumber beetles avoiding heat stress appeared to be a more
immediate need than lowering predator encounter probability, presumably because failing to avoid heat stress
would have meant an exceedingly high risk of mortality. Concurrently acting multiple stressors often involve
an internal conflict between alternative options59. Trade-offs between foraging activity and predator avoidance
have been more in the focus of recent studies60, 61, but review of field studies have proved the context sensitivity
of NCEs62. Studying the effect of weather variability, it became apparent that foraging-predation risk trade-offs
should be combined with survival trajectories contingent on environmental factors to successfully explain prey
behaviour and its ecosystem-wide effects63.
Higher metabolism and consequent higher energy demand at higher temperature is another need that has to
be balanced against predation risk. In the spider – cucumber beetle system the behavioural observations demonstrated that cucumber beetles reacted to predation and heat stress by altering their feeding behaviour, with feeding activity being higher at the high temperature treatment. However, there was an interaction between spider
and temperature effect, more pronounced for the pisaurid spider, meaning, that at lower temperature feeding
activity decreased in the presence of spiders, whereas at higher temperature the effect was opposite. Higher overall
feeding activity despite the presence of spiders can be explained similarly to the stratum choice, by prioritizing
physiological needs over predator avoidance. Similar results were found in other herbivorous insects, for instance,
stress caused by starvation altered antipredator response in the aphid Acyrthosiphon pisum64. Hunger also interacted with predator avoidance in intraguild predation situation65. However, the present (marginally significant)
interaction suggests, that at the high temperature the proportion of beetles recorded as feeding showed a different
tendency when predator was present. The proportion of beetles was actually greater in the high temperature
predator treatments than in the high temperature control. We think that more frequent feeding does not necessarily signify a more risk prone behaviour; on the contrary, it might indicate that vigilance lengthened the feeding
process resulting in a higher proportion of beetles observed feeding during the hourly observations. Optimal
foraging theory predicts that with increased encounter rate with predators patch use behaviour increases while its
efficiency decreases66, which supports that more frequent feeding may translate into actually less food intake. An
empirical example for this phenomenon is a mesocosm study where, under continuous recording of behaviour,
in the presence of spider predator leafhoppers’ foraging movements became more frequent but also more brief67.
As heat results in increased metabolism and consequent demand for higher food intake47, we observed that
plant damage was always higher in the elevated temperature treatment. Adding spiders to the system lowered
plant damage only at high temperature, but had no significant effect at the lower temperature. This shows that
predators, while they might be relatively inefficient at normal temperatures, may interrupt more intensive feeding
in warmer situations. It is interesting to decompose plant damage changes and try to attach relative importance
to predator effect through mortality and eliciting activity changes in the beetles. As we have seen, mortality by
the lycosid predator was pronounced at both temperatures, the pisaurid predator caused only slight mortality at
the high temperature, and spider presence at high temperature did not lead to decreased feeding activity in beetles. Thus, the reduction in plant damage at the higher temperature can be only partially explained by predation.
Especially in the case of the pisaurid spider NCEs must have played an important role. At lower temperatures the
failure of direct predation to translate into lower plant damage could be seen as an indication that NCEs were
maybe less pronounced at the lower temperature treatment. A supplementary experiment was also performed
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(see Supplementary information for its description and results), in which predator treatment was staged with spiders with their chelicerae glued together. This experimental design provided additional evidence for the existence
of NCE, since plant damage inflicted by the beetles was lower in the presence of spiders incapable of predation.
Overall, the results suggest that NCEs are constituents of a full-scale cascading predator effect that influences
further levels of the food web. The important role of non-consumptive effects shaping ecosystems has already
gained recognition68. Meta-analytic results suggest that increasing predation risk has a large negative effect on
the amount of food consumed by prey, but effect sizes in the studies were heterogeneous69. Overall, in the present
study increased plant consumption at high temperature was reduced by c. 50% by either spider predator, which
are similar values reported by other studies27, 28.
Overall, our results suggest that warming radically changes herbivory and the effect of predators on herbivores in our system modelling organically grown cucumbers. Predators could not effectively reduce herbivory by
cucumber beetles at normal temperatures, but in the warming treatment they reduced plant damage by c. 50%.
Predator caused mortality could not alone explain this reduction. The effect of spiders with glued chelicerae supported that non-consumptive effects could serve as explanation for the missing component of predator effect. The
two spider predators had different thermal tolerances, which resulted in different rates of predation at the investigated temperatures, but NCEs compensated for this, and eventually both predators had similar effects on plant
damage at both temperatures. Elevated temperatures pose an important problem both due to predicted climate
change effects and because of heat accumulating covers applied widely in organic cultures. It can be challenging
to grow organic cucurbits due to the difficulty of fighting pests while simultaneously promoting natural enemies.
If warming is limited (for which management options exist) the complementarity of predators’ heat tolerances
may offer biological control over a wider temperature range, and the mode of predator effect (consumptive vs.
non-consumptive) may also complement each other. The present results underline the effectiveness of generalist
arthropod predators in such systems. The interaction between the thermal environment and the modes of predator effect found here, shows the necessity to study this potential interaction in other studies that asses the effect
of global warming on ecosystem functioning.

References

1. Lima, S. L. & Dill, L. M. Behavioral decisions made under the risk of predation - a review and prospectus. Can. J. Zool.-Rev. Can.
Zool. 68, 619–640, doi:10.1139/z90-092 (1990).
2. Rypstra, A. L. & Buddle, C. M. Spider silk reduces insect herbivory. Biol. Lett. 9, doi:10.1098/rsbl.2012.0948 (2013).
3. Barnier, F. et al. Diet quality in a wild grazer declines under the threat of an ambush predator. Proc. R. Soc. B 281, 5, doi:10.1098/
rspb.2014.0446 (2014).
4. Jones, E. I. & Dornhaus, A. Predation risk makes bees reject rewarding flowers and reduce foraging activity. Behav. Ecol. Sociobiol.
65, 1505–1511, doi:10.1007/s00265-011-1160-z (2011).
5. Slos, S., Meester, L. D. & Stoks, R. Behavioural activity levels and expression of stress proteins under predation risk in two damselfly
species. Ecol. Entomol. 34, 297–303, doi:10.1111/j.1365-2311.2008.01077.x (2009).
6. Schmitz, O. J. et al. From individuals to ecosystem function: Toward an integration of evolutionary and ecosystem ecology. Ecology
89, 2436–2445, doi:10.1890/07-1030.1 (2008).
7. Gallagher, A. J., Creel, S., Wilson, R. P. & Cooke, S. J. Energy Landscapes and the Landscape of Fear. TREE. doi:10.1016/j.
tree.2016.10.010 (2016).
8. Fischer, E. M., Rajczak, J. & Schar, C. Changes in European summer temperature variability revisited. Geophys. Res. Lett. 39,
doi:10.1029/2012gl052730 (2012).
9. Schar, C. et al. The role of increasing temperature variability in European summer heatwaves. Nature 427, 332–336, doi:10.1038/
nature02300 (2004).
10. Jentsch, A. & Beierkuhnlein, C. Research frontiers in climate change: Effects of extreme meteorological events on ecosystems. C. R.
Geosci. 340, 621–628, doi:10.1016/j.crte.2008.07.002 (2008).
11. Allan, B. J. M., Domenici, P., Munday, P. L. & McCormick, M. I. Feeling the heat: the effect of acute temperature changes on predatorprey interactions in coral reef fish. Conserv. Pysiol. 3, doi:10.1093/conphys/cov011 (2015).
12. Tran, T. T., Janssens, L., Dinh, K. V., Op de Beeck, L. & Stoks, R. Evolution determines how global warming and pesticide exposure
will shape predator-prey interactions with vector mosquitoes. Evol. Appl. 9, 818–830, doi:10.1111/eva.12390 (2016).
13. Ohlund, G., Hedstrom, P., Norman, S., Hein, C. L. & Englund, G. Temperature dependence of predation depends on the relative
performance of predators and prey. Proc. R. Soc. B 282, 20142254, doi:10.1098/rspb.2014.2254 (2015).
14. Zilahl-Balogh, G. M. G., Shipp, J. L., Cloutier, C. & Brodeur, J. Predation by Neoseiulus cucumeris on western flower thrips, and its
oviposition on greenhouse cucumber under winter vs. summer conditions in a temperate climate. Biol. Contr. 40, 160–167,
doi:10.1016/j.biocontrol.2006.10.011 (2007).
15. Nair, A. & Ngouajio, M. I. Rowcovers and Soil Amendments for Organic Cucumber Production: Implications on Crop Growth,
Yield, and Microclimate. Hortscience 45, 566–574 (2010).
16. Wadas, W. & Kosterna, E. Effect of perforated foil and polypropylene fibre covers on development of early potato cultivars. Plant Soil
Environ. 53, 136–141 (2007).
17. Bale, J. S. et al. Herbivory in global climate change research: direct effects of rising temperature on insect herbivores. Global Change
Biol. 8, 1–16, doi:10.1046/j.1365-2486.2002.00451.x (2002).
18. Aguilar-Fenollosa, E. & Jacas, J. A. Can we forecast the effects of climate change on entomophagous biological control agents? Pest
Manage. Sci. 70, 853–859, doi:10.1002/ps.3678 (2014).
19. Diehl, E., Sereda, E., Wolters, V. & Birkhofer, K. Effects of predator specialization, host plant and climate on biological control of
aphids by natural enemies: a meta-analysis. J. Appl. Ecol. 50, 262–270, doi:10.1111/1365-2664.12032 (2013).
20. Dyer, L. A., Richards, L. A., Short, S. A. & Dodson, C. D. Effects of CO(2) and Temperature on Tritrophic Interactions. PLoS ONE 8,
e62528, doi:10.1371/journal.pone.0062528 (2013).
21. Barton, B. T. & Schmitz, O. J. Experimental warming transforms multiple predator effects in a grassland food web. Ecol. Lett. 12,
1317–1325, doi:10.1111/j.1461-0248.2009.01386.x (2009).
22. Adams, D. B. & Riley, D. Summary of losses from insect damage and costs of control in Georgia – 1997. XXII. Vegetable Insects. The
Bugwood Network. (1997).
23. Bessin, R. Cucumber beetles. ENTFACT-311., (University of Kentucky, 2003).
24. Schmidt, J. M. et al. Predator-prey trophic relationships in response to organic management practices. Mol. Ecol. 23, 3777–3789,
doi:10.1111/mec.12734 (2014).
25. Snyder, W. E. & Wise, D. H. Predator interference and the establishment of generalist predator populations for biocontrol. Biol.
Contr. 15, 283–292 (1999).

SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w

7

www.nature.com/scientificreports/
26. Snyder, W. E. Intraguild predation and the biocontrol effectiveness of generalist predators, University of Kentucky, (1999).
27. Williams, J. L., Snyder, W. E. & Wise, D. H. Sex-based differences in antipredator behavior in the spotted cucumber beetle
(Coleoptera: Chrysomelidae). Env. Entomol. 30, 327–332, doi:10.1603/0046-225x-30.2.327 (2001).
28. Williams, J. L. & Wise, D. H. Avoidance of wolf spiders (Araneae: Lycosidae) by striped cucumber beetles (Coleoptera:
Chrysomelidae): Laboratory and field studies. Env. Entomol. 32, 633–640 (2003).
29. Barton, B. T. Local adaptation to temperature conserves top-down control in a grassland food web. Proc. R. Soc. B 278, 3102–3107,
doi:10.1098/rspb.2011.0030 (2011).
30. Lubin, Y. D. & Henschel, J. R. Foraging at the Thermal Limit - Burrowing Spiders (Seothyra, Eresidae) in the Namib Desert Dunes.
Oecologia 84, 461–467 (1990).
31. Schmitz, O. J., Beckerman, A. P. & Obrien, K. M. Behaviorally mediated trophic cascades: effects of predation risk on food web
interactions. Ecology 78, 1388–1399, doi:10.1890/0012-9658(1997)078[1388:bmtceo]2.0.co;2 (1997).
32. Duffy, J. E. et al. The functional role of biodiversity in ecosystems: incorporating trophic complexity. Ecol. Lett. 10, 522–538,
doi:10.1111/j.1461-0248.2007.01037.x (2007).
33. Northfield, T. D., Crowder, D. W., Takizawa, T. & Snyder, W. E. Pairwise interactions between functional groups improve biological
control. Biol. Contr. 78, 49–54, doi:10.1016/j.biocontrol.2014.07.008 (2014).
34. Drieu, R. & Rusch, A. Conserving species-rich predator assemblages strengthens natural pest control in a climate warming context.
Agric. For. Entomol. 19, 52–59, doi:10.1111/afe.12180 (2017).
35. Krysan, J. L. & Miller, T. A. in Methods for the study of pest Diabrotica. 1-24. (Springer, 1986).
36. Godfrey, L. D. et al. UC Pest Management Guidelines: Cucurbits. Publication #3339. (Division of Agriculture and Natural Resources,
University of California, 1998).
37. Marshall, S. D., Pavuk, D. M. & Rypstra, A. L. A comparative study of phenology and daily activity patterns in the wolf spiders
Pardosa milvina and Hogna helluo in soybean agroecosystems in southwestern Ohio (Araneae, Lycosidae). J. Arachnol. 30, 503–510
(2002).
38. Young, O. P. Predation by Pisaurina mira (Araneae, Pisauridae) on Lygus lineolaris (Heteroptera, Miridae) and other arthropods. J.
Arachnol. 17, 43–48 (1989).
39. Cowles, R. B. & Bogert, C. M. A preliminary study of the thermal requirements of desert reptiles. Bull. Am. Mus. Nat. Hist. N. Y. 83
(1944).
40. R: A language and environment for statistical computing. http://www.R-project.org/ (R Foundation for Statistical Computing,
Vienna, Austria, 2016).
41. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Usinglme4. J. Stat. Softw. 67, doi:10.18637/jss.
v067.i01 (2015).
42. Sebaugh, J. L. Guidelines for accurate EC50/IC50 estimation. Pharm. Stat. 10, 128–134, doi:10.1002/pst.426 (2011).
43. Halekoh, U., Hojsgaard, S. & Yan, J. The R Package geepack for Generalized Estimating Equations. J. Stat. Softw. 15, 1–11 (2006).
44. Fox, J. & Weisberg, S. An {R} Companion to Applied Regression. http://socserv.socsci.mcmaster.ca/jfox/Books/Companion. Second
Edition edn, (Sage, 2011).
45. Lenth, R. V. Least-Squares Means: The R Package lsmeans. J. Stat. Softw. 69, 1–33, doi:10.18637/jss.v069.i01 (2016).
46. Shachak, M. & Brand, S. The Relationship between Sit and Wait Foraging Strategy and Dispersal in the Desert Scorpion, ScorpioMaurus-Palmatus. Oecologia 60, 371–377, doi:10.1007/Bf00376854 (1983).
47. Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M. & West, G. B. Toward a Metabolic Theory of Ecology. Ecology 85, 1771–1789,
doi:10.1890/03-9000 (2004).
48. Dell, A. I., Pawar, S. & Savage, V. M. Systematic variation in the temperature dependence of physiological and ecological traits. Proc.
Natl. Acad. Sci. USA 108, 10591–10596, doi:10.1073/pnas.1015178108 (2011).
49. Kruse, P. D., Toft, S. & Sunderland, K. D. Temperature and prey capture: opposite relationships in two predator taxa. Ecol. Entomol.
33, 305–312 (2008).
50. Angilletta, M. J., Niewiarowski, P. H. & Navas, C. A. The evolution of thermal physiology in ectotherms. J. Therm. Biol. 27, 249–268,
doi:10.1016/s0306-4565(01)00094-8 (2002).
51. Best, R. J., Stone, M. N. & Stachowicz, J. J. Predicting consequences of climate change for ecosystem functioning: variation across
trophic levels, species and individuals. Divers. Distrib. 21, 1364–1374, doi:10.1111/ddi.12367 (2015).
52. Soluk, D. A. Multiple predator effects - predicting combined functional-response of stream fish and invertebrate predators. Ecology
74, 219–225, doi:10.2307/1939516 (1993).
53. Sitvarin, M. I. & Rypstra, A. L. The importance of intraguild predation in predicting emergent multiple predator effects. Ecology 95,
2936–2945, doi:10.1890/13-2347.1 (2014).
54. Maselou, D. A., Perdikis, D., Sabelis, M. W. & Fantinou, A. A. Plant Resources as a Factor Altering Emergent Multi-Predator Effects.
PLoS ONE 10, e0138764, doi:10.1371/journal.pone.0138764 (2015).
55. Symondson, W. O. C., Sunderland, K. D. & Greenstone, M. H. Can generalist predators be effective biocontrol agents? Ann. Rev.
Entomol. 47, 561–594 (2002).
56. Schmitz, O. J. Predator diversity and trophic interactions. Ecology 88, 2415–2426, doi:10.1890/06-0937.1 (2007).
57. Lind, J. & Cresswell, W. Determining the fitness consequences of antipredation behavior. Behav. Ecol. 16, 945–956, doi:10.1093/
beheco/ari075 (2005).
58. Brown, J. S. & Kotler, B. P. Hazardous duty pay and the foraging cost of predation. Ecol. Lett. 7, 999–1014, doi:10.1111/j.14610248.2004.00661.x (2004).
59. Krause, E. T. & Liesenjohann, T. Predation pressure and food abundance during early life alter risk-taking behaviour and growth of
guppies (Poecilia reticulata). Behaviour 149, 1–14, doi:10.1163/156853912x623748 (2012).
60. Cooper, W. E. Jr. & Sherbrooke, W. C. Risk and cost of immobility in the presence of an immobile predator: Effects on latency to flee
or to approach food or a potential mate. Behav. Ecol. Sociobiol. 67, 583–592, doi:10.2307/23479474 (2013).
61. Sirot, E. & Pays, O. On the dynamics of predation risk perception for a vigilant forager. J. Theor. Biol. 276, 1–7, doi:10.1016/j.
jtbi.2011.01.045 (2011).
62. Schmitz, O. J., Krivan, V. & Ovadia, O. Trophic cascades: the primacy of trait-mediated indirect interactions. Ecol. Lett. 7, 153–163,
doi:10.1111/j.1461-0248.2003.00560.x (2004).
63. Ovadia, O. & Schmitz, O. J. Weather variation and trophic interaction strength: sorting the signal from the noise. Oecologia 140,
398–406, doi:10.1007/s00442-004-1604-5 (2004).
64. Villagra, C. A., Ramirez, C. C. & Niemeyer, H. M. Antipredator responses of aphids to parasitoids change as a function of aphid
physiological state. Anim. Behav. 64, 677–683, doi:10.1006/anbe.2002.4015 (2002).
65. Walker, S. E. & Rypstra, A. L. Hungry spiders aren’t afraid of the big bad wolf spider. J. Arachnol. 31, 425–427 (2003).
66. Brown, J. S. Vigilance, patch use and habitat selection: Foraging under predation risk. Evol. Ecol. Res. 1, 49–71 (1999).
67. Beleznai, O. et al. Cool Headed Individuals Are Better Survivors: Non-Consumptive and Consumptive Effects of a Generalist
Predator on a Sap Feeding Insect. PLoS ONE 10, e0135954, doi:10.1371/journal.pone.0135954 (2015).
68. Schmitz, O. J., Hawlena, D. & Trussell, G. C. Predator control of ecosystem nutrient dynamics. Ecol. Lett. 13, 1199–1209, doi:10.1111/
j.1461-0248.2010.01511.x (2010).
69. Verdolin, J. L. Meta-Analysis of Foraging and Predation Risk Trade-Offs in Terrestrial Systems. Behav. Ecol. Sociobiol. 60, 457–464,
doi:10.2307/25063837 (2006).

SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w

8

www.nature.com/scientificreports/

Acknowledgements

We thank the two anonymous reviewers for providing constructive comments to improve the original manuscript.
The authors are grateful to the Harwood Lab for field and laboratory assistance. This research was supported by
a grant from the Kentucky Department of Agriculture and conducted with the assistance of Andre Lage Perez,
Andrew Dale, Micheal Sitvarin and Neil Wilson, and other members of the staff at the University of Kentucky
Horticulture Research Farm. O. Beleznai and F. Samu were funded during data analysis by NKFIH research grant
No. K116062. During the data analysis, Z. Tóth was supported by the ‘Lendület’ programme of the Hungarian
Academy of Sciences No. LP2012-24/2012 and the NKFIH grant No. PD108938.

Author Contributions

O.B. and J.D. designed the study and performed the experiments; O.B. and J.D. collected data; O.B., J.D., Z.T. and
F.S. performed statistical analyses, O.B., J.D. and F.S. wrote the manuscript. All authors reviewed the manuscript
and gave final approval for publication.

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-07509-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCIEntIfIC REPOrTS | 7: 7266 | DOI:10.1038/s41598-017-07509-w

9

